We show, in this study, that type I IFN induction of the cyclin-dependent kinase (cdk) inhibitor p21 WAF1 in the human Burkitt lymphoma B cell-line Daudi and ensuing cell cycle arrest correlate with the terminal dierentiation of these cells, and is ultimately followed by apoptosis and cell death. The expression of p21 which paralleled the inhibition of the phosphorylation of the retinoblastoma protein, pRB, was preceded by the strong reduction in c-myc levels. We propose that the coupled down-regulation of c-myc and induction of p21 WAF1 may be crucial to the induction of dierentiation and G1 arrest in Daudi cells by type I IFN. Growth arrest and dierentiation was followed by apoptosis and cell death, and was accompanied by the induction of the activity of the apoptotic ICE-family protease CPP32. G1 arrest and dierentiation followed by apoptotic cell death are characteristics of terminal dierentiation. Thus, our data suggest that the induction of p21 WAF1 and G1 arrest mediated by type I IFN in Daudi cells is part of terminal dierentiation response in these cells, highlighting a role for type I IFN as B cell terminal dierentiation factors.
We show, in this study, that type I IFN induction of the cyclin-dependent kinase (cdk) inhibitor p21 WAF1 in the human Burkitt lymphoma B cell-line Daudi and ensuing cell cycle arrest correlate with the terminal dierentiation of these cells, and is ultimately followed by apoptosis and cell death. The expression of p21 WAF1 paralleled the onset of G1 arrest and the reduction of surface IgM expression which was used as a marker of the dierentiation response, and the IFN treated cells acquired a typical plasma cell-like morphology. The type II IFN IFNg, which does not inhibit the growth of Daudi cells, did not induce the expression of p21
WAF1
, nor aect the expression of surface IgM. The induction of p21 WAF1 which paralleled the inhibition of the phosphorylation of the retinoblastoma protein, pRB, was preceded by the strong reduction in c-myc levels. We propose that the coupled down-regulation of c-myc and induction of p21 WAF1 may be crucial to the induction of dierentiation and G1 arrest in Daudi cells by type I IFN. Growth arrest and dierentiation was followed by apoptosis and cell death, and was accompanied by the induction of the activity of the apoptotic ICE-family protease CPP32. G1 arrest and dierentiation followed by apoptotic cell death are characteristics of terminal dierentiation. Thus, our data suggest that the induction of p21 WAF1 and G1 arrest mediated by type I IFN in Daudi cells is part of terminal dierentiation response in these cells, highlighting a role for type I IFN as B cell terminal dierentiation factors.
Keywords: interferon a; p21 WAF1 ; B-cell dierentiation; apoptosis; cell cycle Members of the type I interferon family (IFN) that include IFNa, IFNb, IFNo and IFNt are strong antiproliferative agents that can induce G1 arrest in many cell types (Tamm et al., 1987) . The Burkitt lymphoma B cell-line Daudi is particularly sensitive to the antiproliferative eects of the type I IFN and has been routinely used in exploring the mechanisms of the G1 arrest induced by type I IFN.
In Daudi cells, IFN-induced G1 arrest is accompanied by several changes in proteins associated with the cell cycle that are interrelated at the molecular level. These events include reduction in expression of cmyc (Einat et al., 1985) and cyclin D3 (Tiefenbrun, et al., 1996) hypophosphorylation of pRB (Thomas et al., 1991; Burke et al., 1992; Kumar and Atlas, 1992; Resnitzky et al., 1992; Zhang and Kumar, 1994) , suppression of E2F DNA-binding activity (Melamed et al., 1993) and inhibition of the activity of the cyclindependent kinase (cdk) cdk2 (Zhang and Kumar, 1994; Tiefenbrun et al., 1996) associated with the cyclins cyclin E and cyclin A. The expression of the tyrosine phosphatase cdc25A has also been reported to be inhibited (Tiefenbrun et al., 1996) .
We and others have previously shown that another key cell-cycle regulatory molecule, the cdk-inhibitor p21
, is induced following IFN treatment of Daudi cells Sangfelt et al., 1997) , and in Daudi cells increased levels of p21 WAF1 can be found complexed with cdk2 following IFN treatment. This is accompanied by inhibition of cdk2 activity and G1 arrest.
Besides its role in regulating the cell cycle, the cdkinhibitor p21 WAF1 appears to play an important role in the dierentiation of many cell types (reviewed in Gartel et al., 1996) . Cellular dierentiation is preceded by G1 arrest and exit from the cell cycle. The treatment of Daudi cells with type I IFN induces many phenotypical changes characteristic of the terminal dierentiation of B cells to plasma cells (Exley et al., 1987a,b; Clemens et al., 1988) . Thus, in this study, we have further investigated the temporal relationships between p21 WAF1 expression, molecular changes during G1 arrest and the dierentiation of Daudi cells following IFN treatment.
The treatment of Daudi cells with IFNa leads to a rapid induction of the protein levels of p21 WAF1 that was evident at 6 ± 8 h of treatment and increased over a 20 h period (Figure 1a ). The induction of p21 WAF1 paralleled the accumulation of cells in the G1 phase of the cell cycle ( Figure 1a : % of cells with 2N DNA content). Thus, there is a close link between the induction of p21 WAF1 and G1 arrest induced by IFNa. In contrast, the type II IFN, IFNg, had no eect on the levels of p21 WAF1 in Daudi cells ( Figure 1a ) which is consistent with the fact that IFNg does not inhibit the growth of Daudi cells (Tomita et al., 1982; Rubin et al., 1983; data not shown) . This lack of eect of IFNg is speci®c to Daudi cells since in DU145 cells, a human prostate cancer cell line, IFNg treatment clearly induced the expression of p21 WAF1 ( Figure 1b ) and also inhibited the progression of DU145 cells through the G1 phase of the cell cycle (Hobeika, et al., manuscript submitted) . Thus, type I IFN induction of the cdk-inhibitor p21 WAF1 correlates with the inhibition of the cell cycle of Daudi cells in G1.
We next determined the temporal relationship of the induction of p21
WAF1 by type I IFN to changes in other cell cycle-associated proteins. As can be seen from . These events were accompanied by reduced phosphorylation of pRB, as evidenced by the increase in migration of the hypophosphorylated forms by 8 h following treatment. However, the levels of the cell cycle tyrosine phosphatase cdc25A, which activates cdk2, were not aected by IFN treatment. The changes in cyclin D3 and pRB appear to occur within a similar time frame as the induction of p21 WAF1 and are consistent temporally with the onset of type I IFNinduced G1 arrest in Daudi cells. The reduction of cmyc levels appears to be the earliest event, but is closely followed by the induction of p21
. This reciprocal down-regulation of c-myc and induction of p21 WAF1 and growth arrest, shown here in IFN-treated Daudi cells, is analogous to that seen in other haematopoeitic cells where c-myc down regulation also appears to be tightly coupled to p21 WAF1 induction and growth arrest (Steinman et al., 1994; Blagosklonny et al.., 1996) . Moreover, this inverse relationship between c-myc and p21 WAF1 is also linked to the dierentiation of haematopoietic cells when treated with appropriate dierentiation inducing agents (Blagosklonny et al., 1996) . Thus, we next determined if these events were linked to the induction of dierentiation of Daudi cells by type I IFN, using the characteristic loss of surface IgM expression as a marker. (Exley et al., 1987a,b) .
The down-regulation of surface IgM upon treatment of Daudi cells with IFNa and IFNt occurred in a doseresponse fashion (data not shown). IFNa induced a rapid down regulation of surface IgM that paralleled the induction of p21 WAF1 and was closely linked with the induction of G1 arrest in Daudi cells (Figure 3a) . Similarly, IFNt was also able to induce a rapid decrease in surface IgM expression that was closely linked to the induction of G1 arrest (Figure 3b ). In contrast, IFNg which has no eect on the expression of p21 WAF1 in Daudi cells did not aect the expression of surface IgM (data not shown). Thus, type I IFN induced dierentiation of the Daudi cell line is associated with the induction of p21 WAF1 and G1 arrest. Moreover, these data are consistent with the hypothesis that the coupled c-myc down-regulation and p21
WAF1 induction are signals for the induction of G1 arrest and dierentiation of Daudi cells following treatment with type I IFN.
To con®rm that Daudi cells were indeed differentiating we examined cytospin preparations of treated and untreated cells using light microscopy. 5 cells per ml were treated in complete growth medium (RPMI-1640 supplemented with 20% fetal bovine serum) with IFNa (320 U/ml), or IFNg (400 U/ml) for the indicated time periods and p21 WAF1 expression assayed by immunoprecipitation and immunoblotting from cell extracts as described earlier . For cell cycle analysis cell samples containing approximately 2610 6 cells per ml were prepared and stained with propidium iodide using previously described procedures (Noguchi, 1992) . Data from 50 000 recorded events were used for cell cycle analysis using the CellFIT program . Total cell extracts from treated and untreated cells were analysed by SDS ± PAGE and immunoblotting. For the detection of proteins from total cell extracts, cells were lysed in lysis buer containing 50 mM Tris-HC1 (pH 7.4), 250 mM NaC1, 2 mM EGTA, 2 mM EDTA, 50 mM NaF, 20 mM b-glyceroyl phosphate, 2 mM Na 3 VO 4 , 10±20 mg/ml each of leupeptin, pepstatin and aprotinin, 5 mg/ml of benzamidine, 50 mM p-nitrophenyl guanadinobenzoate, 1% Triton-X 100, 0.25% Nadeoxycholate, 0.1% SDS and 1 mM phenylmethylsulfonyl uoride. Approximately 80 ± 100 mg total protein from extracts was used for subsequent SDS ± PAGE and immunoblotting. a, IFNa; g, IFNg; t, IFNt showed a distinct plasma cell-like morphology characterized by their large cytoplasmic volume and eccentric nuclei. With IFNa treatment, a large number of dierentiated cells also appeared to have undergone changes in their nuclear structure (Figure 4c ) that closely resembled cells undergoing apoptosis suggesting that the dierentiation of these cells is accompanied by apoptotic cell death. As described below, the differences in morphology of IFNt and IFNa treated cells is related to the kinetics of the apoptotic response of Daudi cells to these IFN, where higher concentrations IFNt are required to induce apoptosis in these cells compared to IFNa over the same time period. These data suggest that type I IFN induce B cell differentiation to plasma cells and ultimately apoptotic cell death. In experiments using propidum iodide staining and ow cytometry analysis of IFN treated cells, IFNa and IFNt, but not IFNg, were found to induce an increase in cells with a DNA content of less than 2N, suggestive of apoptotic cell death, in a dose response fashion (data not shown). Using the more speci®c TUNEL assay for apoptosis in conjunction with¯ow cytometry the results in Figure 5a con®rmed that IFNa induced apoptotic cell death in Daudi cells. The time course and dose response of the TUNEL assay paralleled that of the propidium iodide staining (data not shown), and signi®cant apoptosis was seen in the population by 3 days with 100 U/ml of IFN. The time-course of this apoptotic eect is, however, in contrast to the early strong increase in cells with 2N DNA content seen with arrest in the G1 phase of the cell cycle (see Figure 1a) . Thus, apoptotic cell death occurs after the changes in the cell cycle seen in these cells. IFNt also induced apoptosis in Daudi cells, but much higher concentrations were required to achieve the same kinetics as IFNa (Figure 5b ). This is consistent with the results depicted in Figure 4 where IFNa treated cells appeared to show more pronounced apoptotic morphology than IFNt treated cells, and support the conclusion that apoptosis follows the acquisition of the dierentiated phenotype in Daudi cells. Again, IFNg was without eect in these assays (data not shown).
In further con®rmation of these results, cells treated for 3 days with IFNa and IFNt showed signi®cantly elevated activity of the ICE-related protease CPP32 (Figure 5c ). The family of ICE-proteases that include CPP32 are recognized as one of the key end mediators of apoptosis in mammalian cells (Patel et al., 1996) and are good markers for ongoing apoptosis. Furthermore, IFNt is a weaker inducer of the activity of CPP32 than IFNa, which is consistent with the data presented above that IFNt induces a slower apoptotic response in Daudi cells.
In this study, we have shown that type I IFN induced an ordered cell cycle arrest, dierentiation and cell death response in Daudi cells that is characteristic of the terminal dierentiation of B cells. In particular, the induction of G1 arrest and dierentiation are closely linked to the induction of the cdk-inhibitor p21 WAF1 by type I IFN in Daudi cells. The type I IFN induced expression of p21 WAF1 in Daudi cells occurs within a similar time frame as the down-regulation of c-myc and cyclin D3, and the inhibition of pRB phosphorylation, showing that these latter changes occur in parallel or in concert with the expression of p21 WAF1 in Daudi cells, and may be important in the IFN-induced dierentiation of these cells. Finally, we showed that following dierentiation, continued IFN treatment of Daudi cells induces apoptotic cell death, a feature characteristic of B cell terminal dierentiation.
We have previously shown that IFNa is also able to induce the expression of p21 WAF1 in cells of the prostate WAF1 induction and G1 arrest. Cells were treated with 320 U/ml of IFNa in each case and stained for surface IgM expression or with propidium iodide for cell cycle analysis. Cell surface expression of IgM was analysed by¯ow cytometry of cells that were stained directly with a FITC-conjugated anti-human IgM antibody according to previously described methods (Bertolini et al., 1992) . A total of 1610 6 cells were stained for each sample with an optimal concentration of antibody that was previously determined by titration. Data from 30 000 events were gathered and analysed. Percent change in G1 cells is the dierence in the percent of cells with 2N DNA content between untreated and treated samples. Data for p21 WAF1 are from densitometric scanning of the bands in Figure 1a. (b) . Time course of the eect of IFNt on IgM expression and G1 arrest. Cells were treated with 3200 U/ml of IFNt and analysed as above in (a) cancer cell line DU145, which do not express a functional pRB protein, and can inhibit cdk2 activity through p21 WAF1 -cdk2 complexes (Hobeika et al., 1997) . The block in G1 induced by IFN in these cells is, however, leaky as the cells do progress into S phase albeit at a much slower pace than untreated cells (Hobeika et al., 1997) . This supports the conclusion that in Daudi cells, which express a functional pRB protein, the type I IFN induced inhibition of phosphorylation of pRB probably co-operates with p21 WAF1 induction in optimizing G1 arrest. On the other hand, the ability of IFNa to inhibit G1 Dimri et al., 1996) .
The exact mechanisms by which type I IFN induce dierentiation in Daudi cells are not known. However, the down-regulation of c-myc protein appears to be crucial to a successful dierentiation program (Morgenbesser and DePinho, 1994) , and is consistently observed in haematopoietic cells induced to dierentiate by various agents (Steinman et al., 1994; Blagoskonny et al., 1996; Collins, 1987; Yen et al., 1992) . Further, in haematopoeitic cells c-myc down regulation appears to be tightly coupled to p21 WAF1 induction and growth arrest (Steinman et al., 1994; Blagoskonny et al., 1996) and p21 WAF1 is induced and accumulates in cells that are induced to undergo terminal dierentiation by a number of dierentiation inducing agents (reviewed in Gartel et al., 1996) . Moreover, the c-myc protein can antagonize the activity of p21 WAF1 (Hermeking et al., 1995) , most likely through a mechanism that is analogous to its ability to interfere with the inhibitory action on cyclincdk complexes of another related cdk-inhibitor p27Kipl (Steiner et al., 1995; Vlach et al., 1996) . Thus, the reciprocal relationship between the downregulation of c-myc and upregulation of p21 Cells were treated with 500 U/ml of IFNa (IFNa), and IFNt (IFNt), or left untreated (control), for 72 h. Cell lysates from these cells were assayed for CPP32 protease activity using the colorimetric ApoAlert kit from Clontech (Palo Alto, CA). For assay, cell lysates were prepared from equal number of viable cells (10 6 cells per sample). Activity was assessed by using the synthetic peptide substrate, DEVD, coupled to p-nitroanilide and following release of the chromophore at 405 nm. Speci®city was assessed using the synthetic peptide inhibitor of CPP32, DEVD-CHO, supplied with the kit IFN induced growth arrest and cellular dierentiation. This ability of c-myc to antagonize the function of cdk-inhibitors such as p21 WAF1 has been postulated as the reason for the proliferation and immortalization of tumor cells that occurs upon activation of c-myc in these cells (Hermeking et al., 1995) . Our data show that in IFN-treated Daudi cells down-regulation of cmyc occurs prior to p21 WAF1 induction, and is in fact the earliest detectable event. Since the down-regulation of c-myc is thought to be a dierentiation signal (Steinman et al., 1994; Blagoskonny et al., 1996; Morgenbesser and DePinho, 1994; Collins, 1987; Yen et al., 1992) , the events associated with the IFNinduced cell cycle arrest may be in response to a signal(s) for dierentiation.
